Background: Several amino acids in proteins form hydroperoxides during oxidative stress. Results: A fluorometric assay for real-time analyses of amino acid and protein hydroperoxides is developed. Conclusion: The boronate-based assay is a convenient method for detection and absolute quantitation of amino acid/protein hydroperoxides. Significance: The proposed strategy will enhance understanding of the mechanism(s) of oxidative and post-translational modification of proteins.
EXPERIMENTAL PROCEDURES
Chemicals-Xanthine oxidase (cow milk) was purchased from Roche Applied Science. Superoxide dismutase (bovine erythrocytes), horseradish peroxidase, ferricytochrome c (equine heart), ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)one), ebselen selenium oxide, tyrosine, 4-hydroxyphenylacetic acid, tryptophan, histidine, lysozyme (from chicken egg white), bovine serum albumin (BSA), reduced glutathione (GSH), oxidized glutathione (GSSG), cysteine, cystine, COH, xylenol orange disodium salt, sorbitol, ammonium ferrous sulfate, rose bengal, diethylenetriaminepentaacetic acid (DTPA), NaN 3 , H 2 O 2 , D 2 O, KH 2 PO 4 , K 2 HPO 4 , and H 2 SO 4 were purchased at the highest purity available from Sigma-Aldrich. Catalase (beef liver) was from Roche Applied Science. PAPA-NONOate was from Cayman. CBA was synthesized according to the procedure described previously (17) .
Hydroperoxide Generation-TyrOOH was generated in the horseradish peroxidase/xanthine oxidase (HRP/XO) system according to the reaction scheme shown (Scheme 2). Incubation mixtures consisted of tyrosine (1 mM), hypoxanthine (1 mM), and various concentrations of xanthine oxidase, horseradish peroxidase (2 g/ml), phosphate buffer (50 mM; pH 7.4), and 0.1 mM DTPA (unless otherwise indicated). Catalase (250 units/ ml) was present in incubation mixtures to inhibit oxidation of boronates by H 2 O 2 . Mixtures were incubated for 30 -60 min at room temperature. SOD (0.1 mg/ml) was added to stop TyrOOH formation.
Alternatively, TyrOOH and other hydroperoxides (Scheme 3) were generated by the reaction with singlet oxygen using rose bengal as the singlet oxygen generator. Photolysis experiments were carried out using a 300-watt xenon high pressure compact arc lamp (Eimac Model VIX 300 UV). Amino acid and protein hydroperoxides were generated by photolysis of solutions containing phosphate buffer (50 mM, pH 7.4), amino acid or protein, and DTPA (0.1 mM) in the presence of rose bengal (10 M). Samples were placed in a fluorometer quartz cell and were photolyzed at room temperature with continuous oxygenation. The illuminating light was passed through a water filter and a 405-nm cut-off filter. Prior to the addition of CBA or FOX reagent, photolyzed samples were incubated with catalase (250 units/ml) for a period of 5 min to remove any H 2 O 2 formed during the photolysis.
Detection of Protein Hydroperoxides during Photosensitized Oxidation of Macrophages-RAW 264.7 murine macrophagelike cells (ATCC) were cultured in DMEM (Invitrogen), supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. Prior to experimentation, cells were washed with HBSS and then incubated with 5 M rose bengal in HBSS for 30 min at 37°C in the dark. Next, cells were washed twice with HBSS to remove excess of rose bengal, and fresh HBSS was added. The rose bengal-loaded cells were placed on ice and exposed to visible light for up to 60 min. The 100-watt incandescent tungsten light bulb placed 15 cm above the samples was used for this purpose. The control cells loaded with rose bengal were kept in the dark on ice for the same period of time. Catalase (580 units/ ml) was added immediately after cessation of photolysis, and the cells were incubated at room temperature for 2 min. Cells were then washed with Dulbecco's PBS, scraped with 1 ml of Dulbecco's PBS, transferred into a 1.5-ml tube, and centrifuged (1 min, 1000 ϫ g). After centrifugation, the supernatant was discarded, and the cell pellets were frozen in liquid nitrogen and stored at Ϫ80°C until needed or further processed as follows. The cell pellets were resuspended and lysed (10 syringe strokes) in water containing DTPA (0.1 mM) and catalase (100 units/ml). Such prepared lysates were transferred to 96-microwell plates and mixed with phosphate buffer (50 mM, pH 7.4) containing catalase (100 units/ml), DTPA (0.1 mM), and CBA (0.8 mM). Next, the samples were incubated for 2 h at room temperature, and fluorescence intensity of COH formed was measured by a plate reader (Beckman Coulter DTX 880). The protein concentration was determined using Bradford reagent and BSA standards.
CBA and FOX Assay-The FOX assay was used according to the procedure described elsewhere (21) , using a 20-fold concentrated stock solution, with a slight modification as indicated below. The FOX assay consisted of 1.5 M H 2 SO 4 , 2 mM xylenol orange, 2 M sorbitol, and 5 mM ammonium ferrous sulfate. The concentration of sulfuric acid used was higher compared with the original protocol, in order to obtain the recommended pH in the range 1.7-1.9, after dilution of the FOX reagent with samples containing 50 mM phosphate buffer (11) . Following hydroperoxide generation, 10 l of the FOX reagent was mixed with 190 l of a sample. Samples were left at room temperature for 30 min before reading the absorbance at 590 nm. DTPA was not added to the samples when FOX reagent was used (except when stated otherwise).
CBA was dissolved in DMSO at 0.1 M concentration, and this solution was added directly to the samples to obtain the desired concentration, usually 0.8 mM. For fluorescence detection of COH, which resulted from the oxidation of CBA, the excitation and emission wavelengths were set at 360 and 430 nm, respectively.
Absorbance and Fluorescence Measurements-Absorption and fluorescence measurements were performed on the Beckman Coulter DTX 880 multimode plate reader equipped with appropriate filters. Absorption spectra were recorded with an Agilent 8453 spectrophotometer. Fluorescence spectra were collected using the PerkinElmer Life Sciences LS 55 luminescence spectrometer. All measurements were carried out at room temperature.
HPLC Measurements-HPLC measurements were performed on an Agilent 1100 system equipped with UV-visible absorption and fluorescence detectors. HPLC analyses of the samples containing ebselen were carried out on the Kinetex PFP column (100 ϫ 4.6 mm, 2.6 m; Phenomenex). Prior to analyses, the column was equilibrated with a water/acetonitrile mobile phase (90:10, v/v) containing 0.1% trifluoroacetic acid (TFA). Com-pounds were separated by the linear increase of acetonitrile volume from 10 to 38% over 3.5 min. Next, the volume of organic phase was increased to 100% over 0.5 min and kept at this level for 2.5 min. For separating tyrosine and dityrosine, a Halo RP-amide column (100 ϫ 4.6 mm, 2.6 m; Advanced Materials Technology) was used. Prior to analyses, the column was equilibrated with an aqueous mobile phase containing 1% (v/v) of acetonitrile phase and 0.1% TFA. The organic phase during analysis was increased linearly in two stages: from 1 to 40% over 2.5 min and from 40 to 80% over the next 2 min. The samples containing tyrosine were acidified by adding TFA prior to injection. The injection volume and the flow rate used were 50 l and 1.5 ml/min, respectively, in both HPLC methods.
LC-MS Analyses-The photolyzed samples of amino acids containing CBA were separated using an Acquity UPLC system (Waters) equipped with a photodiode array and coupled to an LCT Premier XE (Waters) mass spectrometer. MS spectra were recorded using an electrospray ionization probe in the positive ion mode. Separation of tyrosine photooxidation products and CBA was performed on a Waters UPLC column (Acquity UPLC CSH Phenyl-Hexyl, 1.7 m, 2.1 ϫ 50 mm) kept at 40°C and equilibrated with 1% acetonitrile (containing 0.1% (v/v) TFA) in 0.1% TFA aqueous solution. The compounds were separated by the linear increase of the acetonitrile phase from 1 to 75% over 0.5 min and kept at this level for 1 min. Next, the concentration of organic phase was increased from 75 to 100% over 1.8 min. The samples were acidified by adding TFA directly before injection. Separation of tryptophan photooxidation products and CBA was performed on Acquity UPLC BEH C18 column (1.7 m, 2.1 ϫ 50 mm). The column was equilibrated with acetonitrile/water mobile phase (10:90, v/v) containing 0.1% TFA. In order to separate the analytes, the concentration of organic phase was increased from 10 to 40% over 2 min. In both separation methods, a flow rate of 0.3 ml/min and injection volume of 1 l were used. Alternatively, the Shimadzu Nexera HPLC system coupled with an LC-MS 8030 triple quadrupole mass detector was used for the tryptophan samples containing nitric oxide donor, xanthine oxidase, and hypoxanthine. The separation of analytes was performed on the Kinetex C18 column (1.3 m, 50 ϫ 2.1 mm) equilibrated with aqueous mobile phase containing 1% (v/v) acetonitrile and 0.1% TFA. The compounds were eluted by increasing the amount of acetonitrile from 1 to 21% over 4 min. Tryptophan-derived hydroperoxide (TrpOOH) and TrpOH were detected using multiple-reaction monitoring mode using the transitions 237.1 3 146.0 and 221.1 3 175.0, respectively.
Kinetic Measurements-All kinetic measurements were performed under pseudo-first order conditions, where the concentration of appropriate hydroperoxide was at least 10 times lower than that of CBA or ebselen. In the case of TyrOOH generated in the HRP/XO system, hydroperoxide was accumulated for 1 h in the presence of catalase. Next, SOD (final concentration of 0.1 mg/ml) and the appropriate volume of CBA solution were added. This mixture was quickly vortexed, and kinetic traces were collected using a luminescence spectrometer. In the case of 1 O 2 -derived hydroperoxides, the solutions after photolysis were diluted with phosphate buffer and preincubated with catalase prior to the addition of CBA. Kinetic traces were recorded with a plate reader. In order to determine the rate constants of the reaction between ebselen and various hydroperoxides, the competition kinetics approach was applied. In this method, CBA and ebselen compete for hydroperoxide, which can be described by Reactions 1 and 2.
Because the concentration of both compounds remained relatively stable for the duration of the experiment, the competition model assuming two pseudo-first order reactions was applied. The equations that fit both the nonlinear (Equation 1) and linear relationship (Equation 2) were used.
Evaluation of the Assay Quality by ZЈ-Factor-The ZЈ-factor is a simple statistical parameter that can be used to evaluate the quality of the assay (22) . This dimensionless coefficient is defined by Equation 3,
where cϩ and cϪ are the S.D. values, and cϩ and cϪ are the mean values for the positive and negative control, respectively (22) . With an increase in the assay quality, the value of the ZЈ-factor increases. The maximal value that the ZЈ parameter can reach is 1. A ZЈ value of 0.5 or higher indicates high quality of the assay.
RESULTS

Reaction between Tyrosyl Hydroperoxide and CBA-The
TyrOOH was synthesized in the HRP/XO system (Scheme 2). Xanthine oxidase and hypoxanthine were used to generate superoxide radical anion (O 2 . ) and hydrogen peroxide (H 2 O 2 ) and horseradish peroxidase/H 2 O 2 -catalyzed oxidation of tyrosine to produce tyrosyl radicals. Tyrosyl radicals react with superoxide, forming TyrOOH. According to the published reports, this route is favored over the reduction of tyrosyl radical by O 2 . back to tyrosine (23, 24) . A similar reaction system was described by Winterbourn and co-workers (25) (26) (27) (28) . Previously, the detection and quantification of TyrOOH were carried out with the FOX assay (25) . In the present work, the CBAbased assay was utilized to detect and quantitate TyrOOH (Scheme 1). The possible bicyclic structure of the TyrOOH formed shown in Scheme 2 was unambiguously identified in previous studies (29) . The TyrOOH produced in the HRP/XO system converted the boronate probe into the fluorescent product. The fluorescence spectra collected upon oxidation of CBA were consistent with the formation of COH. The identity of CBA oxidation product was unequivocally confirmed by HPLC analysis, showing that the TyrOOH-mediated oxidation product of CBA is co-eluted with the authentic standard of COH with identical spectral properties under similar chromatographic conditions (Fig. 1 ). The presence of xanthine oxidase inhibitor, allopurinol, in the reaction mixture greatly inhibited COH formation. The product detected, COH, is also formed from oxidation of CBA by H 2 O 2 and peroxynitrite (ONOO Ϫ ), as described previously (17) . The reported rate constants for the reaction of CBA with H 2 O 2 and ONOO Ϫ at pH 7.4 are 1.5 Ϯ 0.2 M Ϫ1 s Ϫ1 and (1.1 Ϯ 0.2) ϫ 10 6 M Ϫ1 s Ϫ1 , respectively. We measured the rate constant of TyrOOH/CBA reaction at the same pH by following the build-up of COH fluorescence (Fig. 2) , and from the plot of the observed pseudo-first order rate constants of COH formation on the CBA concentration, the second order rate constant of 15.4 Ϯ 0.3 M Ϫ1 s Ϫ1 was determined ( Fig. 2, inset) . The TyrOOH/CBA rate constant is 10 times higher than for the H 2 O 2 /CBA reaction and nearly 5 orders of magnitude lower than that reported for the ONOO Ϫ /CBA reaction.
To investigate whether the CBA assay can be used for real-time monitoring of TyrOOH formation in the HRP/XO system, the following experiment was performed ( Fig. 3 ). We monitored oxidation of CBA to COH in the mixture containing hypoxanthine and xanthine oxidase in the presence or absence of several components, including tyrosine, HRP, two different concentrations of catalase, SOD, and ebselen. The reaction was monitored in a plate reader (Fig. 3A) . The rate of fluorescence signal increase was maximal for incubations containing HRP in addition to HX/XO and tyrosine. In this system, most of the H 2 O 2 is expected to be consumed by HRP with the production of tyrosyl radicals. In order to exclude the contribution of H 2 O 2 FIGURE 1. Identification of the product formed from the reaction between CBA and TyrOOH. Insets show the online absorption spectra collected by a diode array detector for the eluted analytes. TyrOOH was generated in the reaction mixture containing tyrosine (1 mM), hypoxanthine (0.5 mM), catalase (0.25 kilounits/ml), HRP (2 g/ml), XO (0.6 milliunits/ml), phosphate buffer (50 mM, pH 7.4), and DTPA (0.1 mM) with and without allopurinol (0.3 mM), as indicated. After 1 h of incubation, the reaction was stopped by the addition of allopurinol to the allopurinol-free sample, and CBA (0.1 mM) was added to both samples. The concentration of CBA and COH standards was 0.1 mM.
to the overall rate of CBA oxidation, catalase was added (250 units/ml) to the incubation mixture. Catalase partly diminished the rate of CBA oxidation. The observed inhibition is not only due to exclusion of the CBA/H 2 O 2 reaction; the COH rate formation is also lowered, as expected, due to the competition between HRP and catalase for H 2 O 2. The formation of COH was completely inhibited in the presence of both SOD and catalase in the reaction mixture. In the absence of catalase, the COH signal was strongly inhibited by SOD, but the residual oxidation of CBA was still observed. This indicates that H 2 O 2 is the oxidant contributing to the observed fluorescence increase. The COH signal was completely mitigated in the presence of a high concentration of catalase (25 kilounits/ml), suggesting that all H 2 O 2 was consumed by catalase, not by HRP, resulting in the inhibition of tyrosyl radical formation. In the absence of any component crucial for TyrOOH generation, such as tyrosine or HRP enzyme, the build-up of COH fluorescence was not observed even at a low concentration of catalase. The fluorescence signal was also abolished if the antioxidant drug ebselen (a glutathione peroxidase mimetic) (20) was present during TyrOOH synthesis. The amounts of COH produced in various incubations were also measured by HPLC. The HPLC chromatograms are shown in Fig. 3B and are consistent with the results obtained by monitoring fluorescence intensity using the plate reader.
Tyrosyl radical formed in HRP/H 2 O 2 oxidation of tyrosine undergoes dimerization in the absence of superoxide to form dityrosine, which is detectable by fluorescence (28) . We used the HPLC method with fluorescence detection for simultaneous monitoring of COH and dityrosine to investigate the influence of SOD on dityrosine formation and on the conversion of CBA into COH. The authentic standards of COH and dityrosine were used to identify the observed peaks. The product profiles and HPLC traces obtained from the real-time monitoring experiment are summarized in Fig. 4 , A-C. As shown, the presence of SOD greatly enhanced the amount of dityrosine produced over the time of incubation ( Fig. 4C) , with concomitant inhibition of the conversion of CBA into COH (Fig. 4B ). This is reasonable in light of the proposed role of O 2 . in the conversion of tyrosyl radical into TyrOOH (Scheme 2). Other peaks that can be ascribed to trityrosine or higher oligomer formation were also observed by UV-visible detection during HPLC analyses (data not shown). These results indicate that the CBA probe is especially suitable for real-time monitoring of tyrosine hydroperoxide formation in enzymatic systems.
Comparison between CBA and FOX Assays-Next, we compared the assay developed here with the FOX assay, commonly used for determination of amino acid hydroperoxides (29) . Both assays are based on the different detection modes, and the detection principles are presented in Fig. 5 (A and E) . In the case of the FOX assay, tyrosyl hydroperoxide oxidizes the ferrous ion to the ferric ion selectively in dilute acid, and the resultant ferric ions are determined with Fe 3ϩ -sensitive dye, xylenol orange (21) . Xylenol orange binds ferric ions, forming a colored (blue-purple) complex. Under the experimental conditions used, the absorption maximum of this complex was detected at 590 nm (Fig. 5A ). The spectra obtained at different ferric ion concentrations and the calibration curve used are shown ( Fig.  5A, inset) .
CBA is a profluorescent probe that, upon oxidation by TyrOOH, is converted to COH, as discussed above. The fluorescence excitation and emission spectra of COH as well as the calibration curve used for the quantification of TyrOOH pro- duced in HRP/XO system are shown in Fig. 5E . The time courses of signal formation for both assays upon reaction with TyrOOH are also presented ( Fig. 5 , B and F). As shown, the signal of the Fe 3ϩ -xylenol orange complex is developed within 15 min of incubation ( Fig. 5B ) and is relatively stable over the time scale shown. For the CBA assay, the time needed to obtain a stable COH fluorescence signal is about 5 times shorter at 0.8 mM CBA concentration (Fig. 5F) .
To equivalents) is about 3-fold lower than the amount of TyrOOH measured by the CBA assay. In turn, the amounts of TyrOOH measured in situ by the CBA assay were 3-5 times higher than by the FOX assay. This is consistent with the data reported previously by Winterbourn and co-workers (26, 28) . They reported that the amount of TyrOOH assessed by the FOX assay and expressed as H 2 O 2 equivalents was much lower (about 6-fold) than the superoxide-dependent loss of tyrosine quantified by HPLC (26, 28) . The difference between the TyrOOH amounts measured in real time and in end point modes by the CBA assay ( Fig. 5G ) must be due to the instability of hydroperoxide, which can be expected to be converted to secondary products during incubation. Fig. 5 , C and G, was also used to calculate the ZЈ-factor. We used the ZЈ-factor, a simple statistical parameter, to directly compare the quality of both assays (22) . According to the ZЈ-factor definition (see "Experimental Procedures"), the values of calculated coefficient for the highest concentration of TyrOOH (or XO) are equal to 0.533 and 0.946 for the FOX and CBA assay, respectively. This indicates that the CBA assay quality is superior to that of the FOX assay, mainly because of the higher variability of the data obtained by the FOX assay (see calculated S.D. values). Comparing Fig. 5 , C and G, it is evident that the curve shape of negative control containing SOD for the CBA assay is close to a straight line, and the values are close to zero. With the FOX assay, the shape of the SOD control is more complex. This further confirms the better quality of the CBA assay.
The kinetics of TyrOOH accumulation during incubation has been determined by FOX and CBA assays in the end point measurement mode, and the data are shown in Fig. 5 (D and H) for the concentration of XO equal to 1.94 milliunits/ml. Although both assays show the accumulation of the peroxide, the CBA assay yields higher values of the absolute concentration of TyrOOH with a significantly lower background signal.
Both assays tested above were used for the detection of TyrOOH generated in the HRP/XO system. To confirm whether the FOX reagent and the CBA probe react with the same species, we performed a competition experiment, as illustrated in Fig (21) . Fig. 7A shows the influence of DTPA, a metal ion chelator, on the FOX and CBA assay signal upon detection of TyrOOH. TyrOOH was produced in HRP/XO system, as described above. These results clearly demonstrate that DTPA, at the concentration of 100 M, commonly used in buffers, completely inhibited the formation of the colored Fe 3ϩ -xylenol orange complex, whereas it did not interfere with the CBA assay. The amount of CBA converted into COH upon reaction with TyrOOH was independent of the concentration of DTPA.
We also tested the influence of ferric ions on the yield of TyrOOH formed in the HRP/XO system (Fig. 7B ) with and without DTPA. In the presence of 10 or 50 M ferric ions, the amount of TyrOOH formed in the incubation mixture that did not contain DTPA was distinctly lower than the TyrOOH concentration measured in the absence of redox-active iron. The presence of DTPA increased the yield of TyrOOH formed in the samples containing ferric ions. The effect of ferric ions on the TyrOOH yields was abolished by 20 M DTPA for the samples containing 10 M ferric ions and by 100 M DTPA for the samples containing 50 M ferric ions (Fig. 7B) .
Detection of 1 O 2 -derived Hydroperoxides by CBA Assay-In order to test the applicability of the CBA probe for detecting hydroperoxides generated during the reaction between amino acids/proteins and the singlet oxygen, we photolyzed solutions containing tyrosine, 4-hydroxyphenylacetic acid (HPA), tryptophan, histidine, lysozyme, and BSA, at pH 7.4 with visible light ( Ͼ 405 nm) in the presence of 10 M rose bengal as a photosensitizer. Photolyzed samples were pretreated with catalase to remove any photogenerated H 2 O 2 . Next, CBA was added, and an increase in the fluorescence signal with time was monitored (Fig. 8) . No peroxides were detected in nonphoto-lyzed solutions containing all reactants. Experiments carried out in 60% D 2 O resulted in an increase of peroxide yield, whereas the inclusion of azide led to a marked decrease in peroxide formation. Because D 2 O significantly increases the lifetime of 1 O 2 and the azide anion is an efficient scavenger of 1 O 2 , these results strongly suggest that the conversion of CBA to COH is mediated by peroxides formed in 1 O 2 -dependent processes (2) . Additionally, the presence of tyrosyl and tryptophan hydroperoxides was confirmed by LC-MS analysis, which also provided additional evidence for the reaction of tyrosyl and tryptophan hydroperoxides with the CBA probe ( Figs. 9 and  10) . (Fig. 9A) . The conversion of tyrosyl hydroperoxide to the alcohol was accompanied by consumption of CBA (eluting at 2 min) and formation of COH (eluting at 2.2 min; Fig. 9B ). The reaction profiles are shown in Fig. 9C , where open symbols represent the samples containing both CBA and TyrOOH, and closed symbols represent the control samples where CBA or TyrOOH were present alone. The reaction profiles indicate that both CBA and TyrOOH were relatively stable over a 1-h incubation time when present alone but underwent almost complete consumption within 1 h when mixed together. This confirms that the observed changes are due to the direct reaction between CBA and TyrOOH. Identical results were obtained for the reaction between CBA and TrpOOH (Fig. 10 ). In this case, besides the mass of tryptophan [M ϩ H] ϩ ϭ 205.1, the two peaks eluting at 0.9 min and 1.1 nm corresponding to the mass [M ϩ H] ϩ ϭ 237.1 were detected (Fig. 10, A and B) . These peaks can be attributed to the cis and trans isomers of tryptophan hydroperoxide (32) . The addition of CBA to the sample containing tryptophan hydroperoxide caused the decay of the observed hydroperoxides with concomitant formation of isomeric alcohols, appearing as peaks at 0.7 min and 0.9 min corresponding to the mass [M ϩ H] ϩ ϭ 221.1. Again, the reaction profiles confirm the direct reaction of CBA with tryptophan hydroperoxide and the relative stability of CBA and TrpOOH during the experiment when present alone (Fig. 10C) .
The photolytically generated hydroperoxides were also assayed using the FOX reagent (Fig. 11 ). The addition of the FOX reagent to the photolyzed samples preincubated with catalase caused an increase in the absorbance signal at 590 nm, whereas only background signal (absorbance of ϳ0.03) was detected in the samples pretreated with CBA (0.8 mM) or ebselen (0.1 mM). However, there was an exception related to a lysozyme sample (Fig. 11E) ; even incubation of photolyzed sample with CBA for 60 min did not remove completely the species responsible for oxidation of FOX reagent, and a noticeable increase of absorbance signal compared with the non-photolyzed sample was seen. This may be due to the location of hydroperoxide in lysozyme protein not accessible to CBA probe and/or a high value of pK a of hydroperoxide, resulting in a much slower reaction with boronic compounds. It is known that, due to high pK a , aliphatic hydroperoxides are practically unreactive toward boronate probes at neutral pH. Some oxidation of the FOX reagent was also observed for unirradiated BSA sample, but the magnitude of absorbance signal change was small.
Next, the rate constants of the reaction between CBA and tyrosine, HPA, tryptophan, and histidine hydroperoxides were determined under pseudo-first order conditions at pH 7.4. The rate constants obtained from the exponential fittings of the kinetic traces acquired for COH formation (Fig. 12, A-D) showed the linear dependence on the CBA concentration ( Fig.  12, E-H) . The determined second order rate constants are listed in Table 1 . Because the oxidation of CBA by lysozyme or BSA hydroperoxides did not follow the pseudo-first order rate law, their rate constants were not determined. In general, we can conclude that amino acid hydroperoxides react with CBA about 10 times faster than does H 2 O 2 .
Detection of Protein Hydroperoxides Generated in a Cellular
System-In order to extend the applicability of the CBA assay to complex biological systems, we decided to test the possibility to detect hydroperoxides in cell lysates from macrophages exposed to visible light in the presence of a singlet oxygengenerating photosensitizer. It has been shown that exposure of rose bengal-loaded cells to visible light generates intracellular protein peroxides (33, 34) . The addition of a cell lysate originating from photolyzed cells to a buffered solution (pH 7.4) containing CBA resulted in a formation of highly fluorescent product, COH. The identity of the product was confirmed on the basis of fluorescence spectra. The signal intensity was linearly dependent on the amount of lysate mixed with CBA solution (Fig 13A) . The analogous treatment of cell lysates originating from cells incubated with rose bengal but not exposed to visible light did not lead to an increase of COH fluorescence signal. This indicates that oxidative conversion of CBA into COH was due to the presence of photolytically generated oxidant(s). Due to the presence of catalase in the lysis buffer and assay buffer, we can exclude the possibility of H 2 O 2 being the oxidant detected. The signal intensity was also proportional to the time of exposure of rose bengal-loaded cells to visible light ( Fig 13B) . Because prolonged exposure of cells to a visible light led to a decrease of the cell viability, the protein concentration was taken into account during calculations. The addition of the hydroperoxide scavenger ebselen to the cell lysates prior to mixing with CBA solution greatly inhibited the increase of COH fluorescence signal ( Fig 13C) .
Reaction of Glutathione with 1 O 2 -Because GSH is one of the most abundant low molecular weight antioxidants in cells, we
tested whether CBA can be used to directly probe the formation of GSH-derived peroxy species formed from the reaction of GSH with 1 O 2 . Incubation mixtures containing glutathione (1 mM) were photolyzed with the visible light in the presence of rose bengal (10 M) and CBA (0.8 mM) at pH 7.4. The intensity of the fluorescence signal from COH formed was measured at different time points, as shown in Fig. 14A . Photolysis of this mixture in the presence of catalase led to an increase in fluores- cence intensity (due to CBA to COH conversion) over the duration of illumination. In the absence of catalase the rate of increase in the fluorescence intensity was higher due to the reaction between CBA and H 2 O 2 (probably produced upon illumination from a type 1 mechanism). The presence of the azide ions during photolysis decreased the yield of COH formed. The highest fluorescence increase with time was observed from incubations in D 2 O. No change in the fluorescence intensity was observed for the control sample photolyzed in the absence of glutathione. The same was true when the control sample containing glutathione and other components was incubated in the dark. Additionally, if CBA was added after sample photolysis, no further increase of fluorescence signal was observed (results not shown). This indicates that the peroxy species formed from the GSH are not stable, consistent with the lack of positive signal in the FOX assay (Fig. 14A, inset) .
Upon prolonged illumination (up to 10 min) of the solution of CBA probe, rose bengal, and catalase at pH 7.4, in the presence or absence of GSSG (1 mM), negligible changes in the fluorescence intensity were noticed (Fig. 14B) . A similar set of experiments was carried out for cysteine and cystine (Fig. 14, C and D). These results are analogous to those obtained for glutathione and GSSG. Insets in Fig. 14, A and C, show the results for the photolyzed samples of glutathione and cysteine assayed with FOX reagent. As shown, there was no increase of absorbance at 590 nm for these samples compared with the nonphotolyzed samples.
Reactivity of Ebselen toward Amino Acid Hydroperoxides-Because ebselen has been found to compete with CBA for amino acid hydroperoxides (Fig. 3) , we decided to perform HPLC analysis to characterize the product formed during the reaction of ebselen with tyrosine hydroperoxide. TyrOOH was preformed in mixtures containing rose bengal, tyrosine, catalase, and DTPA in phosphate buffer (pH 7.4) subjected to photolysis with visible light. Immediately after turning off the light, ebselen (0.1 mM) was added, and the oxidation products were analyzed using the reversed phase HPLC. Oxidation of ebselen by TyrOOH led to a major product eluting at a retention time of 2.9 min (Fig. 15A) , and the concentration of this product increased with the time of photolysis (Fig. 15A) . The product derived from the ebselen reaction with TyrOOH eluted at the same time as the authentic standard, ebselen selenium oxide, and the product of the reaction of ebselen with H 2 O 2 . As shown in Fig. 15B , catalase slightly diminished the yield of ebselen selenium oxide. For reactions in D 2 O, the amount of ebselen selenium oxide produced was significantly increased, whereas the azide anion ( 1 O 2 scavenger) almost completely abolished its formation, consistent with 1 O 2 -derived TyrOOH being the oxidant.
The rate constants of the reaction between amino acid hydroperoxides and ebselen were determined by a competition kinetics technique (as described under "Experimental Procedures"). As a competitor, CBA was used, and its previously determined rate constants with hydroperoxides (Table 1) were utilized in the calculations. Fig. 16A shows the dependence of COH peak area, obtained for the incubations containing photolytically generated TyrOOH, CBA, and different concentrations of ebselen, as a function of ebselen concentration. With increasing ebselen concentration, the HPLC peak areas due to COH decreased. A rate constant of 2 k ϭ 1.1 Ϯ 0.07 ϫ 10 3 M Ϫ1 s Ϫ1 due to the ebselen/TyrOOH reaction was determined from the nonlinear graph (Equation 1), as shown (Fig. 16A) . The curve fitted using a linear equation (Equation 2 ) is also presented (Fig. 16A, inset) . Fig. 16B shows the kinetic analysis data of the effect of ebselen on the amount of COH formed from incubations containing HPA-derived hydroperoxide. Similar experiments were performed for tryptophan and histidine hydroperoxides, and the results are shown in Fig. 16, C and D, respectively. The second order rate constants determined for the reaction between amino acid hydroperoxides and ebselen are summarized in Table 1 .
Peroxynitrite-mediated Formation of Tryptophan Hydroperoxide-The diffusion-controlled reaction between nitric oxide and superoxide radical anion leads to the formation of an unstable intermediate, ONOO Ϫ . ONOO Ϫ is an oxidizing and nitrating agent able to traverse biological membranes. The reaction of ONOO Ϫ with amino acid residues of proteins may occur directly or through peroxynitrite-derived radicals. It has been shown that tryptophan reacts with ONOO Ϫ directly with a second order rate constant of 37 M Ϫ1 s Ϫ1 at pH 7.4 and 37°C, but the free radicals derived from peroxynitrite can modify it as well (35, 36) . Among the products and intermediates detected in peroxynitrite-damaged tryptophan residues, the tryptophanyl radical has been detected by EPR spin trapping (37) . We reasoned that with co-generated fluxes of ⅐ NO and O 2 . , the tryptophan radical formed due to presence of peroxynitrite will react with O 2 . to produce TrpOOH. Therefore, in this study we employed a continuous flux of O 2 . and ⅐ NO with a ratio of 2:1 and tested whether hydroperoxidic species was formed ( Fig  17A) . We used PAPA-NONOate as the ⅐ NO donor ( ⅐ NO flux of 1 M/min) and the HX/XO system as a source of O 2 . flux (2 M/ min). Because ONOO Ϫ reacts rapidly with boronates (38), we could not directly use the CBA probe to detect TrpOOH in such a system. We decided to use LC-MS detection and apply the boronate probe to confirm the identity of TrpOOH by monitoring boronate-induced transformation of TrpOOH into TrpOH, as shown above (Fig. 10) . LC-MS analysis of the reaction mixture containing tryptophan under co-generated O 2 .
and ⅐ NO fluxes indicated the formation of TrpOOH species (retention time of 1.5 min) (Fig. 17B ). Within 20 min after starting the incubation, the concentration of TrpOOH reached steady-state level (data not shown). The reaction was then stopped after 60 min by the addition of xanthine oxidase inhibitor, allopurinol, and it was tested whether the observed peak was sensitive to CBA. LC/MS analysis of the reaction mixture treated with allopurinol and CBA (0.2 mM) showed that the peak eluting at 1.5 min was eliminated (Fig. 17B) . The decay of tryptophan hydroperoxide was accompanied by formation of the product eluting at a retention time of 1.3 min with the mass corresponding to the alcohol derivative (Fig. 17C ). The LC/MS analyses unequivocally confirmed that tryptophan is transformed into hydroperoxide by co-generated O 2 . and ⅐ NO according to the proposed mechanism ( Fig. 17A ).
DISCUSSION
In this study, we show that the profluorescent probe CBA reacts with tyrosyl hydroperoxide and other amino acid and protein-derived hydroperoxides, forming a fluorescent product. We determined that the rate constant of the reaction between TyrOOH and CBA is about 10 times faster than between H 2 O 2 and CBA. Catalase does not affect the stability of amino acid hydroperoxides (15) , thus making it possible to monitor the formation of TyrOOH and other amino acid hydroperoxides in real time using the CBA probe even in the presence of H 2 O 2 . To our knowledge, this is the first report showing real-time measurements of amino acid/protein-derived hydroperoxides using the boronate-based profluorescent probe.
In this study, we have also compared the CBA assay described herein with the FOX assay that has been widely used to detect amino acid and protein hydroperoxides. Assuming 1:1 stoichiometry of the reaction of TyrOOH with CBA forming one molecule of COH, we were able to directly quantify the amount of TyrOOH formed in the HRP/XO system. The accuracy of our measurements is supported by the good agreement between our data and those reported in the literature (26, 28) . Winterbourn and co-workers (26, 28) reported that the amount of TyrOOH measured by the FOX assay is 6 times lower than the superoxide-dependent loss of tyrosine quantified by HPLC.
The amounts of TyrOOH measured in situ by the CBA assay were calculated to be 4 -5 times higher than the amounts of TyrOOH measured by the FOX assay. We also showed that with unstable species, like TyrOOH, that readily convert into secondary products, it is essential to monitor in real time the formation of the primary hydroperoxide. The CBA assay enables real-time measurement of hydroperoxide formation in contrast to the FOX assay. The direct comparison of both assays using a simple assay quality parameter, ZЈ-factor, reveals that the quality of the CBA assay is better than that of the FOX assay, whereas both assays seem to be applicable to high throughput measurements. We also confirmed that both assays are sensitive to TyrOOH formed in the HRP/XO system and that despite different mechanisms of action, both assays detect the same hydroperoxide species. Proteins are a major biological target for 1 O 2 , due to their abundance and the high rate constants with this oxidant (2, 30) . It has been reported that 1 O 2 reacts with proteins primarily at tyrosine, tryptophan, and histidine side chains, forming hydroperoxides of the structures shown in Scheme 3 (2, 30 -32, 39) . We generated hydroperoxides of these amino acids in a 1 O 2 -mediated reaction employing rose bengal as the photosensitizer. We showed that CBA probe reacts with these species to form the fluorescent COH. The rate constants determined for the reaction between CBA and photolytically generated hydroperoxides are at least an order of magnitude higher than that of the CBA reaction with H 2 O 2 .
One of the most abundant antioxidants that can prevent the oxidation of proteins by 1 O 2 is GSH. The cysteinyl thiol group is responsible for the reaction of GSH with 1 O 2 . The postulated intermediate formed in the reaction between cysteine and 1 O 2 is a zwitterionic peroxy species (e.g. RS(H) ϩ -OO Ϫ ) with disulfides and oxyacids as final products (2, 40, 41) . We observed that the intermediate formed during the reaction of GSH (or CysSH) with 1 O 2 oxidizes the CBA probe to the fluorescent product, COH (Fig. 14) . The probe oxidation was not observed when reduced thiols were replaced by corresponding disulfides. We conclude that the species involved in a conversion of CBA to COH is formed from the reaction between singlet oxygen and the sulfhydryl group of the thiol. The results also show that the intermediate species is unstable and should be detected in situ using the CBA probe because no signal was observed when the samples of GSH and cysteine were assayed with the CBA probe as well as FOX reagent directly after the photolysis. It can be concluded that the species formed in the GSH/ 1 O 2 and CysSH/ 1 O 2 systems react with the CBA probe. The structure of the proposed intermediate responsible for probe oxidation is similar to that of the postulated peroxy zwitterionic species (RS(H) ϩ -OO Ϫ ) and/or thiol hydroperoxide (RSOOH). Peroxiredoxins (Prxs) are able to remove lysozyme and BSA hydroperoxides, showing that this enzyme family is a more efficient protein hydroperoxide scavenger than GPxs (15, 42) . GPx1 was shown to be an efficient scavenger of low molecular weight hydroperoxides (15, 43) . This is probably due to a more restricted access to the GPx1 active site by protein hydroperoxides compared with the Prxs active site. Low molecular weight catalytic scavengers of hydroperoxides, like ebselen, are superior to enzymatic systems in this regard. Selenium-containing amino acids have also been shown to act as catalytically efficient scavengers for amino acid and protein hydroperoxides (44, 45) .
Ebselen, a selenoorganic compound, is capable of reducing a broad range of hydroperoxides using thiols as cosubstrates, thereby displaying GPx activity and acting as an antioxidant (20) . There are, however, no kinetic data reported for the reaction between ebselen and protein hydroperoxides. Thus, no quantitative comparison could be made between non-enzymatic (GPx mimetics) and enzymatic scavengers of amino acid and protein hydroperoxides. We determined that amino acid hydroperoxides react with ebselen to form ebselen selenium oxide, which is in agreement with previous studies related to other hydroperoxides (20) . Using the CBA assay and the competition kinetics, we were able to determine rate constants for the reaction of ebselen with tyrosine, tryptophan, and histidine hydroperoxides. We have also shown that ebselen removes lysozyme and BSA hydroperoxides. The kinetic data obtained in this study enabled us to compare its hydroperoxide scavenging properties with that of Prx enzymes. The bimolecular rate constants reported for the reaction of Prx2 and Prx3 with histidine hydroperoxide are equal to 2 ϫ 10 3 and 3 ϫ 10 3 M Ϫ1 s Ϫ1 , respectively (42) , whereas the measured rate constant for ebselen is (1.4 Ϯ 0.1) ϫ 10 3 M Ϫ1 s Ϫ1 . Thus, we conclude that ebselen is a very efficient scavenger of amino acid and protein hydroperoxides and could contribute a pivotal role for ebselen's antioxidant mechanism.
A New Mechanistic Route for Protein Hydroperoxide Formation-Oxidation of proteins by reactive oxygen species leads to the formation of protein hydroperoxides via both radical and non-radical reactions. In vitro studies have shown that exposure of amino acids and proteins to highly reactive hydroxyl radical ( ⅐ OH) in an oxygenated system results in the formation of their hydroperoxides with high yields (46) . The other routes, also discussed in this paper, are related to the reactivity of singlet oxygen toward the tyrosine, tryptophane, and histidne residues as well as the reactivity of superoxide radical anion toward phenoxyl radicals formed on tyrosyl residues of proteins (25-28, 30, 47) . The addition of superoxide radical anion to the tyrosyl radical was very well documented by Winterbourn et al. (25) (26) (27) (28) and was considered to be physiologically plausible. Here we present the new peroxynitite-mediated route for the formation of amino acid and protein hydroperoxides, similar to the peroxidase-dependent generation of tyrosyl hydroperoxide described by Winterbourn et al.
We have hypothesized that tryptophanyl radical formed in the reaction with peroxynitrite-derived radicals will react with O 2 .
to form hydroperoxide, and we have shown that during simultaneous generation of O 2 . and ⅐ NO (2 M/min of O 2 . to 1 M/min of ⅐ NO) in the presence of tryptophan, tryptophan is converted into hydroperoxide. The proposed mechanism (Fig. 17A) , wherein tryptophan is oxidized to its radical by peroxynitrite derived oxidants and then the addition of O 2 . occurs, is supported by the fact that among the intermediates detected in peroxynitrite-damaged tryptophan residues of proteins, the tryptophanyl radical has been detected. A similar mechanism can also be proposed for tyrosine residues. Overall, these studies provide new data on the mechanisms of peroxynitrite-mediated protein modification. Measurement of Protein Hydroperoxides in Biological Samples-Measurements of lipid hydroperoxides in biological samples have been widely used as an indication of oxidative stress and associated with several diseases, including atherosclerosis, cancer, and neurodegenerative diseases. Nevertheless, in many reactive oxygen species-associated disorders, the peroxidation of proteins can be prevalent over the lipid peroxidation processes because proteins are the major non-water component of tissues or cellular or biological fluids and exhibit high reaction rates with many oxidants (46) . For example, it has been shown that in cells subjected to peroxyl radicals, the hydroperoxide groups are generated on the cell proteins, and no peroxidation of lipids was observed (48) . Furthermore, there is indirect evidence for the formation of hydroperoxides in a number of pathologies (49, 50) .
Several methods have been employed for the detection of hydroperoxides in a wide variety of samples, including food, plasma, and tissues samples. The existing methods based on chemiluminescence, chromatographic, or spectroscopic detection of hydroperoxides demand complicated instrumentation and sample preparation procedures. Additionally, in many cases, the direct detection of hydroperoxides is not possible due to their instability, forcing the analysts to determine only hydroperoxide breakdown products (i.e. corresponding alcohols). Among the available methods, the titration and colorimetric methods based on iodide or iron oxidation have been widely used. Due to the lack of reliable assays for hydroperoxides, these methods, especially the FOX assay, were adapted for the detection of amino acid, peptide, and protein hydroperoxides. Although the FOX assay has been successfully applied for the detection of lipid and protein hydroperoxides in biological materials (e.g. cell lysates), the detection step has to be preceded by a relatively long sample preparation procedure involving multistep extraction, and this will lead to partial decomposition of cellular hydroperoxides (14) . Here we show that the CBAbased assay can be performed directly in cell lysates. There is no need to separate protein hydroperoxides from lipid hydroperoxides because CBA is unreactive toward the latter. It is well established that hydroperoxides are generated on free amino acids and in proteins as well as in cell lysates upon exposure to a system that generates 1 O 2 . The photochemical type II generation of 1 O 2 plays a crucial role in photodynamic therapy, inducing tumor cell death. The application of a CBA-based assay can facilitate the identification of an intracellular target of 1 O 2 involved in photodynamic therapy-induced cell death.
Photodynamic Mechanism in Mitochondria-The singlet oxygen and other reactive oxygen species generated from photodynamic activation of mitochondria-localized photosensitizer have been implicated in the selective inactivation of mitochondrial respiratory chain proteins (51) . Most notable of the mitochondrial protein targets of Photofrin 11-mediated oxidant(s) were cytochrome c oxidase, F 0 F 1 -ATP synthase, and succinate dehydrogenase (51) . Aminoleuvlinic acid is a heme precursor pro-drug that is preferentially taken up by tumor cells and converted to protoporphyrin IX in the mitochondria (52, 53) . Selective inactivation of tumor cells during aminoleuvlinic acid/photodynamic therapy has been attributed to 1 O 2mediated oxidative damage to mitochondrial proteins (53) (54) (55) . Very little information with regard to oxidation of specific proteins or specific sites of oxidation is known, although the generally accepted mechanism includes peroxidation of lipids and proteins (51) . It is conceivable that boronate probes targeted to mitochondria may be used to scavenge and quantitate mitochondrial protein hydroperoxides. In addition, post-treatment with boronates will convert protein hydroperoxides into the corresponding protein hydroxyl products that can be investigated using MALDI/MS techniques, thereby identifying the amino acid residue in specific proteins modified during photodynamic therapy.
Conclusions-We report a simple fluorometric assay for real-time measurement of amino acid and protein-derived hydroperoxides. The CBA-based assay is a convenient and sensitive method for detection and absolute quantification of amino acid and protein hydroperoxides. The proposed assay significantly simplifies the measurement of protein hydroperoxides in cells. Due to the possibility of real-time hydroperoxide monitoring using a CBA probe, the assay may be used to detect unstable peroxides, as exemplified by detection of glutathioneand cysteine-derived peroxide species. With the use of the CBA assay, we established the reactivity of ebselen, a versatile antioxidant molecule, with amino acid hydroperoxides. We conclude that ebselen reacts very effectively with amino acid-derived hydroperoxides, with rate constants comparable with those of peroxiredoxins, which indicates the possibility that scavenging of protein hydroperoxides contributes to antioxidative properties of ebselen. Boronates (aromatic and aliphatic), in general, could potentially serve as effective scavengers of amino acid/protein hydroperoxides, which may be used both in cytoprotection and for analytical purposes.
